Maintaining sexual reproduction in a highly competitive world is still one of the major mysteries 16 of biology given the apparently high efficiency of asexual reproduction. Co-evolutionary theories 17 such as the Red Queen hypothesis would suggest that the microbiomes in human reproductive 18 systems, specifically the microbiomes contained in semen and vaginal fluids, should reach some 19 level of homogeneity thanks to arguably the most conspicuous microbiome transmission between 20 two sexes. The long-term sexual coevolution should favor the dynamic homogeneity or stability, 21 which should also be beneficial for sexual reproduction such as sperm survival or fertilization on 22 physiological/ecological time scale. We present a piece of quantitative evidence in the form of 23 microbial community spatial heterogeneity to support the stability notion by analyzing three big 24 datasets of the human vaginal, semen and gut microbiome. Methodologically, we applied a 25 recent community-level extension to the classic Taylor's power law (Taylor 1961(Taylor , 1988: Nature), 26 which reached the rare status of ecological law and has found applications beyond biology. The 27 power law analysis revealed that human vaginal and semen microbiomes exhibited the same 28 scaling parameter size in their community spatial (inter-individual) heterogeneities, while both 29 exhibited significantly different heterogeneity scaling parameter with the human gut 30 microbiome. Both ecological and evolutionary theories, such as hologenome/holobiont and Red 31 Queen, even first principle, would predict that microbiome transmissions between two sexes 32 should have homogenizing effects on the composition and stability of the microbiomes in human 33 reproductive systems. 34 35 Running Head: Human reproductive system microbiomes 36 Keywords: Human gut microbiome; Human vaginal microbiome; Semen microbiome; 37 Heterogeneity; Power law extensions (PLEs); Red Queen theory; Hologenome 38 2 39 Importance 40 41
Introduction 56
Heterogeneity is a concept studied in many fields of biology and ecology. In genetics and 57 evolutionary biology, the importance of heterogeneity has been recognized and studied 58 extensively since the time of Darwin (1876) in the areas of heterosis (hybrid vigor), inbreeding 59 and genetic deterioration, based on the theory of population bottleneck that shrinking of the 60 choice of gene variants and of potential cooperation among different gene types limits the 61 capabilities of the restricted organism (Birchler et al. 2006, Wikipedia) . In ecological literature, 62 the term heterogeneity is often used informally to support the description and characterization of 63 several similar concepts. Its interpretations are often context-dependent, and may be slightly 64 different from its dictionary explanation-the quality or state of being diverse in character 65 or content. Terms such as population-, community-, ecosystem-, and landscape-heterogeneity, 66 are frequently used, but often not precisely defined. In the present article, we investigate the 67 scale at the community scale. At the community level, we use heterogeneity to refer to the 68 uneven or heterogeneous nature of species abundances among different species within a 69 community and/or between communities, which can be quantitatively measured with an 70 extension to the classic Taylor's power law (Ma 2015 , Li & Ma 2019 ). Taylor's power law has 71 been extensively investigated both theoretically and practically and found applications in many 3 Taylor 1977 , Taylor et al. 1983 , 1988 , Cohen et al. 2012 , 2015 In the present study, we comparatively investigate the heterogeneity of human microbiomes from 78 three key habitats, i.e., gut, vaginal and seminal fluid. We use, to the best of our knowledge, the 79 largest 16s-rRNA sequencing datasets in their respective sites. The objective is to determine 80 whether there is homogeneity (i.e., same level of heterogeneity) between the human vaginal 81 microbiome and semen microbiome. We further compare both vaginal and semen microbiomes 82 with a third type, arguably isolated from the both, the gut microbiome to highlight our focal 83 objective. We were motivated to discuss possible ecological, evolutionary and reproductive 84 implications from the comparisons. 85 86 Ecologically, the community spatial heterogeneity (CSH) is an extremely important property 87 both theoretically and practically. For example, in the case of human microbiome, within host or 88 intra-body microbiome heterogeneity among major microbiome habitats (including gut, skin, 89 oral, vaginal, and lung) and inter-host (inter-subject) heterogeneity were designated as one of the 90 primary aims of the US-NIH HMP (human microbiome project) (HMP Consortium 2012). The 91
inter-subject heterogeneity is also a core research topic in the biogeography of human 92 microbiome, which investigates the spatial distribution of human microbiome diversity (e.g., 93
Hanson et al. 2012, Ma 2019 
Material and Methods

123
Datasets of human gut, vaginal and semen microbiomes 124
We selected three large datasets of the human vaginal, gut, and semen microbiome studies with 125 16S-rRNA sequencing technology, as briefly introduced in Table 1 . The primary considerations 126 for selecting these three datasets include their exceptional sample size in their respective sites 127 (vaginal, gut and semen), as well as their well-designed, high-quality sequencing operations and 128 consequent bioinformatics analysis for generating the OTU (operational taxonomic unit) tables. 129 
Taylor's power law and its extensions to community ecology 133
Taylor's power law (Taylor 1961 , 1984 , 2007 , Taylor & Taylor 1977 , Taylor et al. 1983 , 1988 (1) 145
where parameter a is primarily influenced by the sampling scheme and environmental factors 146 and is of limited ecological implications, and parameter b is of rich ecological and evolutionary 147 implications. It is considered to be species-specific characteristic, shaped by a species' 148 evolutionary history and ecological interactions (Taylor 1961 , 1981 , 1984 , 2007 , Taylor & 149 Taylor 1977 , Taylor et al. 1983 , 1988 ). Taylor's power law was originally proposed and 150 validated in population ecology, and parameter b is a measure of population aggregation, which 151 characterizes the spatial distribution of a population in nature. When b>1, the population spatial 152 distribution is aggregated (also termed clumped, contagious, heterogeneous); when b=1, the 153 spatial distribution is random; when b<1, the distribution is uniform (also known as regular). The PLE parameter (b) offers a powerful tool to assess and interpret the community spatial 6 heterogeneity is aggregated or asymmetrical; when b=1, community spatial heterogeneity is 174 random, when b<1, community spatial heterogeneity is regular or uniform. 175
176
We fit the datasets of HVM (human vaginal microbiome), AGP (American gut project) and 177 human semen microbiome (see Table 1) We then use the same randomization test procedure previously designed for comparing AGP and 205 7 208
We further repeat the above-described randomization test for 1000 times and consequently 209 generating 1000 p-values. Note that, for each time of the randomization test, a new random 210 sampling of 96 samples is performed for AGP/HVM dataset, so that the comparisons of their 211 power law parameters with those of semen microbiome are not influenced by the sample size. 212
Further note that, to perform each randomization test, 1000 times of re-sampling associated with 213 standard randomization test, as introduced previously for comparing AGP vs. HVM is again 214 taken. In other words, in each of the 1000 randomization tests, 1000 times of re-sampling for 215 standard randomization test, was 'embedded in' Finally, after obtaining the 1000 p-values, we 216 count the times (N) that satisfy p>0.05, i.e., no significant difference detected with randomization 217 test, and compute a new pseudo p-value, i.e., p=N/1000. If p'<0.05, there is significant difference 218 between HVM and semen (or between AGP and semen) in their respective power law parameters; 219 otherwise, there is no significant difference. 220 221 222
Results and Discussion
223
Power law extension (PLE) models for the human vaginal, gut and semen microbiomes 224
The parameters of the PLE for measuring community spatial heterogeneity of human vaginal, gut 225 and semen microbiomes were tabulated in Table 2, Comparing the spatial heterogeneity of human vaginal, semen and gut microbiomes 254
The results of randomization tests (permutation tests) in Tables 3 show that the human  255 reproductive systems (i.e., vaginal and semen) exhibited the same level of community spatial 256 heterogeneity (i.e., b has no significant differences, p>0.05), even though we are comparing the 257 microbiome samples from different sexes. In contrast, the human vaginal and gut microbiomes 258 showed significant difference in the community spatial heterogeneity (p-value<0.001). Similarly, 259 the human semen and gut microbiomes also showed significant difference in the community 260 spatial heterogeneity (p-value<0.05). Note that our comparisons were primarily based on the 261 power law heterogeneity parameter (b), but CHCD (community heterogeneity critical diversity) 262 (Ma 2015) also followed the same trend in all three comparisons and ln(a) exhibited an exception 263 in the case of semen vs. AGP comparison. Since parameter a is largely related to sampling 264 scheme such as sequencing platforms, the exception of parameter a is not an issue in our analysis 9 since we do not expect it has much ecological/evolutionary meaning. Fig 2 illustrated 2. The illustration of the randomization test results presented in Table 3 (also  280  see Tables S1-3 for the detailed results): HVM and semen microbiomes exhibited 281 no significant difference in their community spatial (inter-subject) heterogeneity 282 parameter, but both exhibited significant differences with the gut microbiome. 283 284 285
Discussion 286
The results we obtained from the extended power law analysis in previous sections should come 287 as a no surprise. First, modern human biology would expect that the human reproductive systems, 288 including microbiomes and their hosts, should undergo co-evolutionary adaptations. The more 289 recent hologenome and holobiont theory should also predict the same notions. Taylor (1961, 290 1984, 1986 be beneficial for stabilizing the microbial environments of reproductive systems. In other words, 335 difference in heterogeneity levels between semen and vaginal would means the high potential for 336 changes or instability, which may not be a benign environment for the life of sperm or for 337 fertilization to occur. This hypothesis is certainly subject to future studies to confirm or reject. 338
As a side note, the type-III power law extension for measuring community temporal stability 339 (Ma 2015) has been successfully applied for skin microbiome stability (Oh et al. 2016). However, 340 currently, there is not long enough time-series data of the human gut or semen microbiome 341 available in existing literature, to conduct similar comparative analysis for the temporal version 342 of the power law extension. We hope that future studies will fill this gap. It should certainly be 343 interesting to compare the temporal stabilities of human gut, vaginal and semen microbiomes. 
